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Abstract 
This paper summarises the results from a study that assesses the performance and costs of natural gas fired combined 
cycle power plants with CCS. Information is provided on the designs of each of the plants, their power output, 
efficiency, greenhouse gas intensity, capital costs, operating and maintenance costs, levelised costs of electricity and 
costs of CO2 avoidance. Discussion and commentary on the key findings and recommendations is also included. The 
paper includes information on base load plant performance and costs, but part load performance and costs of 
operation at low annual capacity factors are also presented because operation at lower load factors may be necessary, 
particularly in future electricity systems that include high amounts of other low-CO2 generation plants.  
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1. Introduction 
Gas-fired power generation currently accounts for around 20% of global electricity production capacity 
and in the past twenty years it has been a popular choice for new power generation capacity, particularly 
in many developed countries, due to its high efficiency, low installed costs and good reliability and 
flexibility. Interest in natural gas fired power generation has increased recently because of the increasing 
availability of natural gas from shale and greater concerns about nuclear power in some countries. 
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Nomenclature 
CCS CO2 or carbon capture and storage 
EOR Enhanced Oil Recovery 
EPC Engineering, Procurement and Construction 
EU European Union 
HHV Higher Heating Value 
IEA International Energy Agency 
GHG Greenhouse Gas 
LCOE Levelised cost of electricity 
LHV Lower Heating Value 
MEA Monoethanolamine 
MHI Mitsubishi Heavy Industries 
It is generally accepted that large reductions in emissions to the atmosphere of greenhouse gases will 
be required in future to reduce the risks of harmful climate change. A switch from coal to gas can help to 
reduce emissions from power generation substantially but it is not a CO2-free generation option. In the 
longer term it is likely that new gas fired power plants will be required to be built and operated with CCS 
technology to achieve deep reductions in emissions. This paper summarises the results of a techno-
economic assessment study on CCS at natural gas fired combined cycle power plants that was undertaken 
recently for the IEAGHG Programme by Parsons Brinckerhoff [1].  
2. Plant descriptions 
2.1. Plant descriptions  
The paper assesses the performance and costs of the following combined cycle power plants with a net 
output of around 800MW:  
• A reference plant without CO2 capture; 
• A plant with post combustion capture using non-proprietary MEA solvent scrubbing; 
• A plant with post combustion scrubbing using an advanced proprietary amine solvent; 
• A plant with recycle of cooled flue gas to the gas turbine inlet and post combustion scrubbing using 
MEA solvent; 
• An integrated power plant with natural gas reforming and pre-combustion scrubbing; and 
• A plant with reforming, pre-combustion scrubbing, underground buffer storage of hydrogen-rich gas 
and a separate combined cycle plant. 
The proprietary solvent case is representative of solvents being developed by various suppliers. 
Information was provided to the study contractor by MHI and Siemens but this case does not represent a 
specific proprietary technology. 
The pre-combustion capture cases use air blown partial oxidation, shift conversion and CO2 capture 
using Selexol solvent. In one of the cases the reformer and combined cycle power plant are integrated on 
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one site. In the other case the reformer/CO2 capture plant and the power plant are at separate sites and an 
underground salt cavern is used to provide 6 weeks of buffer storage of the hydrogen/nitrogen fuel gas. 
Information on the costs of underground hydrogen storage was provided by the study contractor based on 
their experience of building such facilities in the USA.  
2.2. Description of the analysis  
The technical performance of each plant was evaluated using process simulation and thermal plant 
simulation software (AspenPlus®, GTPRO®, GTMASTER® and Thermoflex®). Equipment lists and plant 
layout drawings were also developed. The plant design information was used together with the 
contractor’s in-house cost data and information provided by equipment vendors, to develop high-level 
estimates for capital and operating costs. This information was subsequently used as inputs to an 
economic model which was used to evaluate the economic performance of each plant and sensitivities to 
significant economic parameters.  
Levelised costs of electricity generation were calculated assuming constant (in real terms) prices for 
fuel and other costs and constant operating capacity factors throughout the plant lifetime, apart from a 
lower capacity factor in the first year of operation. Costs of CO2 avoidance were calculated by comparing 
the CO2 emissions per kWh and costs of electricity (excluding any CO2 emissions costs) of gas fired 
power plants with and without CO2 capture. It should be noted that the cost of CO2 avoidance would be 
different if an alternative baseline plant was used, for example a coal fired plant without capture. 
2.3. Technical and economic assumptions 
The main technical and economic assumptions for the base case evaluations are summarised below. 
Sensitivities to various economic parameters were evaluated, as discussed later.  
• Greenfield site, Netherlands coastal location 
• 2 General Electric 9FB.03 gas turbines + 1 steam turbine 
• 9°C ambient temperature 
• Mechanical draught cooling towers 
• Base load operation 
• Natural gas price: €6/GJ LHV basis (equivalent to €6.64/GJ HHV basis) 
• 2011 costs 
• 8% discount rate (constant money values) 
• 25 year operating life 
• 4 year plant implementation time 
• €5/t CO2 storage cost 
• €10/t CO2 emission cost 
The net power outputs of the plants are around 800MW but it was not possible to keep the net outputs 
the same in all of the cases because gas turbines are manufactured in fixed sizes and the ancillary steam 
and power consumptions are different in each of the cases, in particular they are substantially higher in 
the plants with CO2 capture. 
3. Plant performance 
3.1. Base load performance 
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The performance of the plants operating at base load is summarized in Table 1.  
Table 1. Plant performance 
Net 
power 
MW 
CO2
captured 
kg/MWh 
CO2
emissions 
kg/MWh 
Efficiency 
% HHV 
Efficiency 
% LHV 
No capture 910 0 348 53.2 58.9 
Post combustion MEA solvent 789 365 41 46.1 51.0 
Post combustion proprietary solvent 804 359 40 47.0 52.0 
Post combustion MEA, flue gas recycle 785 362 41 46.4 51.3 
Pre combustion 850 395 89 38.2 42.3 
Pre combustion with hydrogen storage 737 454 104 33.2 36.8 
The efficiency penalty of 7.9 percentage points for conventional MEA post combustion capture 
comprises 4.8 percentage points for steam extraction for solvent regeneration, 1.3 percentage points for 
the capture plant auxiliary power consumption (mainly for the flue gas booster fan), and 1.7 percentage 
points for CO2 compression.  The proprietary solvent case has a lower efficiency penalty of 6.9 
percentage points, mainly due to a 19% lower steam consumption for solvent regeneration. The 
regeneration heat consumption of the proprietary solvent is 2700kJ/kg CO2 captured. 
The flue gas recycle case has a lower efficiency penalty than the conventional MEA case (7.6 
percentage points) due to a 21% lower ancillary power consumption for the capture plant, which is mainly 
due to the lower flue gas fan power consumption, and a 6% lower steam consumption. These 
improvements are partly offset by a lower combined cycle plant efficiency due to the higher gas turbine 
compressor inlet temperature which results from the replacement of some of the air by warmer recycled 
flue gas. Flue gas recycle has been the subject of successful combustor tests by turbine manufacturers and 
it is being tested in a large commercial gas turbine. This study is based on 50% flue gas recycle to show 
the upper-end potential for this technique, but recycle may be restricted to lower levels depending on the 
design of the turbine combustors.  
The pre-combustion capture cases have significantly higher overall energy consumptions than the post 
combustion capture cases. There is a wide range of design options for natural gas pre-combustion capture 
plants, including the type of oxidant (air or purified oxygen), the CO2 capture solvent (chemical or 
physical solvent), the oxidant supply (from the gas turbine compressor, a separate compressor or a 
combination), and there are a wide range of heat integration options. The choice of design options 
depended on the contractor’s judgement of the balance between efficiency, capital costs, percentage CO2
capture, risk and operability. On balance it was decided to accept a lower percentage capture for the pre-
combustion capture cases (about 81.5% compared to 90% for the post combustion cases) but it would be 
possible to design a pre-combustion capture plant for a higher capture rate if necessary. 
3.2. Part load performance and flexibility 
Gas fired power plants with CCS are expected to operate at less than base load in future electricity 
systems that include large amounts of other low-CO2 power generation (coal fired plants with CCS, wind, 
solar, nuclear etc), because the marginal operating costs of gas fired plants with CCS will usually be 
higher than those of the other technologies due to higher fuel costs. Gas fired power plant with CCS will 
therefore need to be able to operate flexibly and at lower annual capacity factors. Plant performance and 
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efficiency at part load (40% gas turbine load, corresponding to about 50% overall net output) was 
estimated. At this part load condition the thermal efficiencies of plants with and without post combustion 
capture were estimated to be 6-7 percentage points lower than at 100% load. The part load efficiency 
depends on the design of the gas turbine and other manufacturers’ machines may give different part load 
performance. The part load efficiency penalty of combined cycle plants is not linear with respect to load, 
and the penalty for operation at 80% load is typically less than 1 percentage point [3]. Further evaluation 
on operating flexibility of power plants with CCS and their ability to provide increased power output 
during times of high demand is contained in a recent report by IEAGHG Programme [3]. It should be 
noted that in many cases, gas fired power plants would not spend a substantial fraction of their time 
operating at low load even if they operate at a low annual average capacity factor. Instead they may 
operate mainly at high load or be shut down rather than operating continuously at part load, to avoid 
incurring the part load efficiency penalty. 
4. Costs 
4.1. Base case costs 
Capital costs, levelised costs of electricity and costs of CO2 emission avoidance are shown in Table 1. 
The capital costs are expressed as EPC costs excluding owner’s costs and interest during construction, 
although these extra costs are taken into account in the calculation of LCOE. The LCOEs are for base 
load operation and include costs of CO2 transport and storage and CO2 emission costs. The annual 
capacity factors are assumed to be 93% for the plant without capture, 90% for plants with post 
combustion capture and 85% for plants with pre-combustion capture, in line with the expected differences 
in plant availabilities. The cost of CO2 emission avoidance is the carbon emission cost that would be 
required to give the same electricity cost for power plants with and without CCS.  
Table 2. Base case costs 
EPC plant 
cost, €/kW 
Increase in 
EPC cost for 
capture, % 
LCOE 
€/MWh 
Increase in 
LCOE for 
CCS, % 
Cost of CO2
avoidance, 
€/tonne 
No capture 637  53.9   
Post combustion MEA solvent 1401 120 76.6 42 84 
Post combustion proprietary solvent 1165 83 70.7 31 65 
Post combustion MEA, flue gas recycle 1285 102 74.1 37 76 
Pre combustion 1595 150 91.7 70 156 
Pre combustion with hydrogen storage 2421 280 118.0 119 272 
The proprietary solvent and flue gas recycle cases both have significantly lower costs than the 
conventional MEA base case, mainly due to their higher thermal efficiencies, smaller equipment sizes 
and, in the case of the proprietary solvent, a lower solvent make-up cost. It would be possible to combine 
flue gas recycle and a proprietary solvent and this is expected to achieve an even higher efficiency and 
lower costs nut this case was beyond the scope of this study. 
The pre-combustion capture cases have significantly higher costs than the post combustion capture 
cases. Costs of the pre-combustion case with hydrogen/nitrogen fuel gas storage are shown at base load in 
Table 1 for consistency with the other cases but it is recognised that this configuration’s main advantages 
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will be for lower annual capacity factors, which are discussed later in the section on cost sensitivities. One 
reason for the higher capital cost of this plant compared to the pre-combustion capture plant without 
storage is the cost of the storage facilities, which is equivalent to €218/kW, and the extra costs associated 
with having separate reforming/capture and power plants. 
Breakdowns of the levelised costs of electricity are shown in Figure 1. It can be seen that in all cases 
the main contribution to the electricity cost is the fuel cost. The fuel costs are higher in the plants with 
capture due to their lower thermal efficiencies but the main reason for the higher overall costs is the 
higher capital charges. 
Fig 1. Levelised costs of electricity, base load operation 
4.2 Cost sensitivities 
Cost sensitivities were evaluated for all of the plants. Results for the plant with post combustion 
capture using a proprietary solvent are shown as an example in Figures 2 and 3, where costs of electricity 
and CO2 abatement are shown for high, medium and low values of each parameter. 
The electricity cost is most sensitive to the fuel price and the annual capacity factor. The wide range of 
fuel prices assessed in this study (3-12 €/GJ) represents the high degree of uncertainty regarding future 
gas prices and regional price differences.  
Costs of CO2 transport and storage depend on many factors, including the transport distance, whether a 
power plant uses its own dedicated transport system or a network transporting larger quantities of CO2
and the type of geological storage reservoir and its properties. Costs can vary over a wide range [4,5]. The 
base case cost of CO2 transport and storage was assumed to be €5/t of CO2, which may represent a cost of 
on-shore storage close to the power plant. A zero (or even negative) net cost may apply if the CO2 could 
be utilised for EOR. An increase to €20/t, representing offshore storage at a significant distance from the 
power plant, is shown to have a relatively small impact on the cost of electricity. Gas fired power plants 
 Neil Smith et al. /  Energy Procedia  37 ( 2013 )  2443 – 2452 2449
have an advantage over coal fired plants in this regard because only about half as much CO2 has to be 
stored per MWh.  
Fig.2. Electricity cost sensitivities, post combustion capture, proprietary solvent 
Figure 3. CO2 abatement cost sensitivities, post combustion capture, proprietary solvent 
Decreasing the capacity factor from 90% to 50% has a relatively modest impact on costs but a further 
reduction to 25% has a substantially greater effect. It should be noted that most of the alternative 
technologies for low-CO2 electricity generation (renewables, nuclear etc.) have relatively high fixed costs, 
so their electricity costs will increase more steeply as the annual capacity factor is reduced. This should 
give gas fired plants with CCS a competitive advantage for non-base load generation, which accounts for 
a significant fraction of overall electricity generation. For the purposes of the assessment of the sensitivity 
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to annual capacity factor it is assumed that the plant is operated for part of the time at full load and for the 
rest of the time it is shut down, although in practice a plant may spend some time operating at part load. 
The costs do not include costs of an increased number of start-up and shutdown and increased costs for 
part-load operation, which would depend on the operating schedule of the plant. 
The base case assumption for the CO2 emission cost (€10/t) broadly represents current typical emission 
costs within the EU, although it is recognised that this is less than the cost that would be required to make 
CCS economically attractive. It can be seen that even an increase to €100/t would have only a small 
impact on the cost of electricity generation with CCS because it would only apply to the 10% of CO2 that 
is not captured. 
The CO2 abatement costs shown in Figure 3 are mostly within a reasonably narrow range, between 
about 55 and 85 €/t CO2, even for the wide range of sensitivity values considered in this study. This is 
because the parameter sensitivities (apart from the CO2 transport and storage cost) affect the costs of the 
reference plant without capture as well as the plant with capture. Combinations of sensitivity values may 
of course result in abatement costs outside of this range. The only exception is the 25% capacity factor 
case, where the costs are substantially higher.  
Because gas fired power plants are generally expected to operate at less than base load the sensitivity 
to capacity factor is particularly important, so costs of electricity for all of the cases at base load, 50% and 
25% capacity factor are presented in Figure 4. The costs for the pre-combustion capture case with 
hydrogen storage assume that there is a single reforming and capture plant which operates continuously 
and which provides fuel gas to multiple combined cycle plants operating at lower annual capacity factors. 
At 25% capacity factor the costs of post combustion capture and pre-combustion capture with 
hydrogen storage are broadly similar. Earlier work [2] indicates that pre-combustion capture with 
hydrogen storage is a more attractive option for coal fired plants and the economic breakeven with post 
combustion capture occurs at a significantly higher annual capacity factor.  
Fig. 4. Sensitivity to annual capacity factor 
5. Comparison with other studies 
In Table 3 information presented in this paper is compared to information from other recent major 
studies on CO2 capture in gas fired power plants. For consistency between the studies the costs exclude 
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any CO2 transport and storage and CO2 emissions costs and hence the LCOEs in this table are slightly 
lower than those presented earlier in this paper. The report by Finkenrath [6] is a summary of studies on 
costs of power plants with CO2 capture published between 2007 and 2010, which are mostly based on 
MEA solvent. The NETL cases are for MEA scrubbing and ‘Enhanced MEA with exhaust gas recycle’, 
which are the highest and lowest cost post combustion capture cases in that study [7]. The ZEP study [8] 
provides data for two plants using an advanced amine; the BASE plant represents an early commercial 
plant with little integration and the OPTI plant includes a more advanced gas turbine and greater 
integration. The LCOE data are for the ZEP study’s mid-range fuel cost of €8/GJ. Further details of the 
technical and economic assumptions used in these studies are provided in the references. 
Table 3. Comparison of studies on power plants with post combustion capture 
 Finkenrath  NETL  ZEP  This paper 
Range Average MEA Enhanced 
MEA 
BASE OPTI MEA Proprietary 
solvent 
Efficiency, without capture, %LHV 55.2-58.0 56.6 55.6 55.6 58 60 58.9 58.9 
Efficiency with capture, %LHV 47.1-49.7 48.4 46.7 48.7 48 52 51.0 52.0 
Efficiency loss for capture, % points 6.0-10.7 8.2 8.9 6.9 10 8 7.9 6.9 
Capex/kW, % increase for capture 52-123 82 111 79 133 92 120 83 
LCOE, % increase for capture 25-46 33 42 31 44 32 48 36 
Since the time of the studies reported by Finkenrath there appear to have been general increases in the 
estimated cost of capture which have been offset by the use of improved technology such as advanced 
proprietary amines and flue gas recycle. As a result, the costs of capture for the improved technology 
cases reported in this paper and the other two recent studies are similar to the average of the earlier 
studies reported in Finkenrath’s review.  
The percentage increase in LCOE due to capture is particularly sensitive to economic assumptions 
such as the fuel price and capital charge rate. A high assumed fuel price will result in a relatively low 
increase in LCOE due to capture because, as shown in Figure 1, the percentage increase in fuel cost due 
to capture is less than the percentage increase in capital related costs.  
6. Conclusions 
•Adding post combustion capture reduces the thermal efficiency of a natural gas combined cycle 
plant by about 7-8 percentage points, increases the capital cost per kW by about 80-120% and 
increases the cost of base load electricity generation by about 30-40%. 
•The cost of CO2 emission avoidance (i.e. the carbon emission cost required to give the same 
electricity cost from base load NGCC plants with and without CCS) is about €65/tonne in the 
lowest cost case evaluated in this study (post combustion capture with a proprietary solvent).  
•Recycling part of the cooled flue gas to the gas turbine compressor inlet would increase the CO2
concentration in the feed to the CO2 capture unit, which could increase the thermal efficiency 
by approximately 0.3 percentage points and reduce the cost of electricity by about 8 percent.  
•Natural gas combined cycle plants with CCS may operate at annual capacity factors lower than 
base load, particularly in electricity systems that include large amounts of other low-CO2
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generation. In the lowest cost case, reducing the annual capacity factor to 50% would increase 
the cost of CO2 avoidance to €87/tonne. 
•The assessment indicates that, based on current technology, pre-combustion capture in natural 
gas fired combined cycle power plants is not economically competitive with post combustion 
capture.   
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